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I. INTRODUCTION 
Interest in niobium has been revived recently due to the 
discovery of large deposits of niobium minerals and the know­
ledge that it is a potential material for nuclear reactor and 
aircraft construction. Production of the pure metal is diffi­
cult due to the ease of contamination by carbon, oxygen and 
nitrogen when heated and the difficulty of separating the 
neighboring element. High-purity niobium, however, has been 
prepared by Rolsten (26,27) by the Van Arkel-de Boer iodide 
decomposition process starting with crude metal. Representa­
tive analytical results for the metal are : oxygen, 640 ppm; 
nitrogen, 10 ppm; hydrogen, 8 ppm; and carbon, <10 ppm. Also, 
McCarley and Tadlock (20,21) have purified niobium metal in a 
similar manner. Their representative analytical results are: 
oxygen, 540 ppm; nitrogen, 58 ppm; hydrogen, 4 ppm; and car­
bon, 220 ppm. 
Following preparation of niobium metal, Rose began intro­
ductory work on the niobium halides (29,30). Apparently he 
was able to prepare the pentachloride but obtained indefinite 
results on the iodides. With the recent revived interest in 
niobium chemistry, further work has been done on the halides. 
Particularly, the niobium-chlorine system (5,15,34,35,37,38) 
seems to be well characterized. Schafer (34) concluded that 
the tetrachloride of niobium could be prepared by analogy with 
vanadium and other neighboring elements. He found that niobi­
2 
um trichloride "was produced when the pentachloride was vola­
tilized in hydrogen at 180-190° and the mixture passed through 
a tube at 450°. The greenish-black trichloride crystallized 
in the hottest part of the tube, while the yellowish crystals 
of pentachloride deposited at the coldest. A brown substance 
found in the region between the two chlorides proved to be the 
tetrachloride. Also, the tetrachloride was prepared by reduc­
tion of niobium pentachloride with niobium metal, iron and 
aluminium. Having prepared the tetrachloride, Schafer and co­
workers (34,35,37) further characterized the properties. 
Several groups (5,15,28,34,38) have investigated the pre­
paration of niobium trichloride. Various methods have been 
employed in preparing the trichloride, with Roscoe (28), Sue 
(38), Schafer, G8ser and Bayer (37), and Brubaker and Young 
(5) all using the hydrogen reduction of the gaseous pentachlo­
ride. Other methods (6,34,37) involve the reduction of the 
pentachloride with niobium and the di spr op orti onat i on of the 
tetrachloride. 
Characterization of the niobium trichloride phase has 
been very extensively done by Schafer and Bohmann - (32,36). 
Generally, crystalline halides have been considered to be sim­
ple stoichiometric compounds. However, it is known that iron 
(III) chloride is homogeneous between FeGl^.oOO and FeClg.ggy^ 
and that composition of the solid trichloride phase depends on 
the compound of the gas phase (33). It has been shown (32,36) 
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that niobium trichloride has a surprisingly large homogeneity 
region. The composition range from NbŒL^.ôy to UbClj^i has 
been studied by thermal decomposition of NbCl^., reduction of 
FbClcj with hydrogen and the chemical transport reaction: 
NbClx(s) + (4-x)HbCl5(g) = (5-x)NbCl4(g) 
where 3.15 > x > 2.67# It is remarkable that the chlorine to 
niobium ratio is both greater and smaller than three in the 
homogeneity range. Clearly, the stoichiometric trivaient nio­
bium oxidation state is not particularly stable and this is 
further evidenced by the absence of niobium(III) oxide (4,16)• 
Niobium trichloride with composition of the upper limit of the 
homogeneous region is obtained by disproportionation of niobi­
um tetrachloride. Niobium and the tetrachloride with an ex­
cess of pentachloride are placed in a reaction tube with one 
end at approximately 20° and the salt end heated at 270 to 
400°. The composition of the lower limit is obtained by heat­
ing the salt end of the reaction tube to 600°. 
In the homogeneity region the color of the trichloride 
phase changes continuously from green (NbClg,#?) to brown 
(FbCl^i). It was possible by microscopic examination to es­
timate the composition and homogeneity of a preparation by its 
color. Powder patterns confirmed the existence of the varia­
ble phase. 
Niobium dichloride was also prepared by heating stoichio­
metric amounts of niobium metal and NbClg,#? at 800° (36), and 
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was found to be an essentially stoichiometric compound. No 
evidence for the existence of niobium(I) chloride was ob­
tained. 
Preparation of the lower bromides of niobium have also 
been reported (5,17). Brubaker and Young prepared ITbBr^ by 
reduction of the pentabromide with hydrogen at 500°. They 
found it to be quite similar in inertness to niobium(III) 
chloride. Gutmann and Tannenberger (17) reportedly prepared 
NbBr2 by reduction of EbBrç with hydrogen and also noted the 
formation of NbBr^ and UbBr^ during the course of the reac­
tion. 
Published results on the niobium-iodide system has been 
fragmentary. Early attempts at obtaining iodides from the 
elements at approximately 600° were unsuccessful (22,31). 
Better results (3) were obtained by reacting hydrogen iodide 
with the pentabromide of niobium but the product was not free 
of bromide and was not analyzed or examined further. 
Korosy (19) prepared the pentaiodide by heating a niobi­
um wire at 1300 to 1600° in iodine vapor. Mobium pentaiodide 
was easily dissociated at the sublimation temperature and ap­
peared to be unstable at any temperature above 200°. Recently, 
Alexander and Fairbrother (1) synthesized the pentaiodide from 
the metal heated from 800 to 1500° by high-frequency electri­
cal induction currents and iodine vapor at approximately one 
atmosphere. Several attempts were made to analyze the product 
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but inconsistent results were obtained owing to the difficulty 
of separating the product quantitatively from traces of metal 
and lower iodides and to its sensitivity to air. Apparently 
pure niobium pentaiodide was prepared by Rolsten (25). He re­
acted niobium metal with excess iodine in a Pyrex reaction 
tube at 280 to 290° under a pressure of iodine. The disadvan­
tage of this method is that unreacted metal or impurities may 
become mixed with the product. Also, the removal of excess 
iodine involves considerable time. Oorbett and Seabaugh (11) 
prepared pure niobium pentaiodide by the reaction of the metal 
with a 10 to 15 per cent excess of iodine. The metal and io­
dine were contained in opposite ends of an evacuated, V-shaped 
Pyrex tube, and the metal heated to 510° and the iodine to 
180°. This method has the advantage that a sublimed product 
is obtained at the junction of the two furnaces. Synthesis of 
niobium pentaiodide has also been reported by Nisei'son and 
Petrusevich (24). In an investigation of the reaction between 
Alglg or SH4 and ÏTbCl^ to produce Hblcj, the halides were 
mixed in proportions according to the conventional equations: 
4 Ub015 + 5 SH4 —» 4 $TbI5 + 5 SiCl^ 
3 NbCl5 + § A12I6 —» 3 Nbl5 + § AlgCl^. 
For complete substitution of iodide for chloride a 10 per cent 
excess of Algl6 or SH4 was used. Composition of the iodide 
corresponded to Hbl4.5 to 4.8* 
Dissociation of Nbl^ to give the lower iodides Nbl^, 
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and Fbgl-JY has been reported (19), but there is no reli­
able information on them. Recently there has been more sub­
stantial evidence for existence of the lower iodide. Thermal 
decomposition of Nbl^ in a "hot-cold" tube results in the for­
mation of the tetraiodide and triiodide (11). If the decompo­
sition is carried out at 270° the residue obtained is pure, 
grey Fbl^ while decomposition at 430"° gives .the black Kbl^. 
Preliminary single-crystal X-ray studies of Ubl4 by Dahl and 
Wampler (12) show it to be orthorhombic with space group 
Cmc2]. The lattice constants are a = 7.67 A, b = 13.28 1, and 
c = 13.93 2. This compound is the first known structure of 
its configuration which consists of infinite chains parallel 
to the a axis formed by Ublg octahedra sharing two opposite 
edges. Pairs of niobium atoms are shifted from the centers of 
the octahedra of iodine atoms by the interaction of the un­
paired electron on each niobium atom to form a metal-metal 
bond. 
Chizhikov and Grin'ko (10) prepared lower niobium iodides 
by the reaction of iodine vapor with the hot metal. The com­
position of the product depended on the metal temperature and 
method of treatment. Formulas of Nbl^, Nbl^ and Mbl^.2 were 
indicated by analysis and the authors suggested that range of 
solid solutions was evidenced by X-ray diagrams of samples 
near NbI- 2^* By heating niobium and iodine in proportion cor­
responding to NbI-3, the triiodide was formed at 580° to 600°. 
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It was sublimed at 600° and condensed as acicular crystals. 
Further work on the triiodide indicated that it can be 
prepared by heating mixtures of Nb2O^ and Algl^ at 230 to 300° 
for 24 to 48 hours. Ohaigneau (8) obtained a mixture of Nbl^, 
iodine, NbOI^ and AlgO^ which were separated by fractional 
sublimation. Iodine and NbOI^ sublimed first and finally the 
less volatile triiodide. It was suggested by Ohaigneau that 
the pentaiodide formed first and then dissociated to iodine 
and triiodide. Purity of the products was apparently good but 
the method of analysis was not given. Following the work on 
the triiodide, he prepared the diiodide by hydrogen reduction 
of Nblj (9). The formula Hbl2 was indicated by the analysis 
of the product, but no physical evidence was cited (e,.&. pow­
der pattern). 
Although several iodides of niobium have allegedly been 
prepared, there has been little work done on the properties of 
these compounds. Even some of these methods do not lend them­
selves readily to preparation of pure products and leave doubt 
as to the actual composition. Niobium trichloride (32,36) is 
known to be a compound of variable composition and conceivably 
Nblj might exhibit this property, although no cited evidence 
justifies this conclusion. 
Due to the general lack of information on the niobium-
iodine system it has been of interest to study the phase rela­
tionship of these iodides. Furthermore, the phase diagram 
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permits identification of the actual composition of these com­
pounds. A phase diagram not only relates the different phases 
but in a very concise form contains much of the chemistry of 
the system and was employed for the characterization of these 
niobium iodides. 
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II. EXPERIMENTAL 
A. Preparation of Niobium Iodides 
Preparation of niobium(V) iodide (11) preceded that of 
other iodides since they were obtained by decomposition of 
this material. All samples were transferred in an argon-
filled dry box. Argon used for flushing the box was dried by 
flowing through -80° trap, and the box atmosphere was continu­
ously circulated through Linde Molecular Sieve Type 4A. 
1. Nloblum(V) iodide 
Niobium pentaiodide was prepared by the reaction of the 
metal with a 10 to 15 per cent excess of iodine. The niobium 
metal was obtained through the courtesy of Dr. R.E. McOarley 
of this Laboratory. Representative impurities were: oxygen, 
610 ppm; nitrogen, 403 ppm; carbon, 956 ppm; and hydrogen, 5 
ppm. Iodine (J.T. Baker Reagent) was first purified by subli­
mation in vacuo at ça. 80°. Usually 20 gram "batches" of NbI^ 
were prepared by heating the metal and iodine in opposite ends 
of an evacuated, V-shaped Pyrex tube to 500 and 180° respec­
tively. Generally the reaction was completed in 24 to 36 
hours, during which time the product sublimed to the junction 
of the two furnaces. At the finish, the metal end of the tube 
was cooled to within 70° of the iodine reservoir and then both 
ends were cooled uniformly to room temperature. Analysis of 
the resulting product gave iodine to niobium ratios of 4.95 or 
10 
greater. 
Salt for determination of the melting point was prepared 
by taking the above product and resubliming it in an iodine 
atmosphere (i,.e.. salt at 450° and iodine at 180°). Iodine to 
niobium ratios of 5.00 + 0.01 were obtained. 
2. Niobium(lV) iodide 
As previously described ( 11 ), samples of Nbl^ were trans­
ferred in the dry box to glass tubes equipped with ball joints 
for evacuation. Because of the extreme sensitivity of Nblg to 
moisture, the containers were evacuated and flamed before be­
ing taken into the box. After being filled, they were re-
evacuated and sealed off. 
Hiobium(IV) iodide was prepared by thermal decomposition 
of Nbltj at 270° for 48 hours, collecting the evolved iodine in 
the other end of the tube at about 35° (v.p. of Ig = ça. 0.8 
mm). 
3. Niobium(III) iodide 
Triiodide was prepared in a similar manner by heating ni­
obium pentaiodide to 400° for two days. 
B. Analyses 
1. Ignition 
Samples were transferred in the dry box to a small weigh­
ing bottle and the ground joint lightly greased. After weigh­
ing this in air, the salt was poured into a porcelain crucible, 
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the bottle quickly recapped, and the weight of the sample de­
termined by difference (corrected for buoyancy). Since only 
niobium and iodine were presumed present, the analysis was 
carried out by ignition to NbgO^. 
2. Wet method 
Since samples with iodine/niobium ratios between 4.0 to 
5.0 are readily dissolved in water they were used to check the 
reliability of the ignition method. Niobium was precipitated 
from these solutions by addition of ammonium hydroxide, then 
filtered off and ignited. To the filtrate, a small amount of 
sodium sulfite was added to reduce any iodine to iodide. Io­
dide was determined by titration with standard silver nitrate 
using as the indicator, Eosin Y in a 50$ solution of Polyeth- • 
ylene 400 in water (14). The solutions were acidified with 
five ml of 10$ acetic acid. 
Analytical accuracy 
Material balance on samples used to check the ignition 
method were 100 + 0.02$. Iodine/niobium ratios are considered 
to be + 0.02 except when otherwise stated. 
4. X-ray powder patterns 
Diffraction patterns were obtained on samples contained 
in 0.1 to 0.05 mm capillaries that had been filled in the dry 
box. An 11.46 cm Philips camera was used with Ni-filtered 
CuE^ radiation; absorption corrections were not applied. NBS 
tables (23) were used to convert & to distances. Values for 
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the iodides are listed in the Appendix. 
0. Measurements 
1. Construction of the phase diagram 
Differential thermal analysis, thermal analysis and equi­
librations were employed for the phase diagram determination. 
Although thermal analysis does detect heat effects associated 
with the particular system of interest, ascertaining the na­
ture of these breaks is not necessarily forthcoming. Conse­
quently other means, physical or chemical, should necessarily 
accompany thermal analysis in constructing a phase diagram. 
For thermal analysis, the apparatus shown in Fig. 1 was 
employed. Since all the iodides have a definite iodine pres­
sure above them, metal containers are undesirable so that 
cooling curve cells were constructed from 15 mm Pyrex or Vycor 
tubing depending on the temperature needed. A small section 
of 3 mm tubing was sealed into and fused to the bottom of the 
cell for the thermocouple well. These cells were equipped 
with ball joints for evacuation. For the actual process, the 
sample was placed axially in a vertical 16" Marshall tube fur­
nace and held in position by binding the cell to the thermo­
couple wire that hung on a support above the furnace. That 
part of the #28 gauge chromel-alumel thermocouple extending 
into the furnace was in an alundum shield. Convection baffles 
of transite were placed in the top and bottom of the furnace. 
Fig. 1. Cell for thermal analysis 
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Temperature was regulated by a Brown proportioning con­
troller with its thermocouple in contact with the inside wall 
of the furnace. Generally, cooling and heating rates were ap­
proximately 5°/min although in specific cases the rates were 
<1°/min. Thermocouple potentials were recorded on a Bristol 
Model 560 Dynamaster strip chart, two-pen recorder. This re­
corder is equipped with a variable, 2 to 10 millivolt range 
with 0 to 40 millivolt zero suppression and fixed millivolt 
range for the differential thermocouple. By impressing a 
known potential from a Rubicon potentiometer into the input of 
the instrument, the range and amount of zero suppression could 
be established at the desired values. In the same manner, the 
recorded thermal halts were measured with the potentiometer by 
lining up the pen with the recorded break. Positioning of the 
differential pen was controlled by a variable voltage box. 
Corrections for the measuring thermocouple were established by 
standardization against National Bureau of Standards sample of 
lead. 
For the determination of thermal halts, approximately 20 
to 25 millimoles of salt were transferred in the dry box to 
the cells. Because of the sensitivity of samples to moisture 
(especially those with iodine/niobium>3), cells were evacuat­
ed and flamed before being taken into the box. Before running 
the first heating curve on any particular sample, the sample 
was equilibrated for several hours at a relatively low temper-
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attire (280 to 300°) to ensure equilibrium. 
2. Determination of dissociation pressures 
Dissociation pressure measurements were obtained with the 
aid of a null-type, Pyrex diaphragm gauge (Fig. 2) similar to 
that described by Daniels (13). The typical gauge had a sen­
sitivity of about \ mm deflection per mm pressure differential 
with the null point invarient to >480°. When viewed with a 
15X telescope, the reproducibility of the pointer movement was 
comparable to that with which the manometer could be conven­
iently read (0.25 mm). This manometer, including other fea­
tures of the all-Pyrex measuring apparatus, is shown in Fig. 
3. Pressures were measured visually on a meter stick that had 
been compared to a precision cathetometer. 
The cell was positioned axially in a vertical, 12" 
Marshall tube furnace with transite covering at the top and 
bottom of the furnace. One thermocouple was positioned in a 
small indentation in the bottom of the cell to measure the 
sample temperature. A second thermocouple, parallel and in 
contact with the cell wall was used to measure the temperature 
gradient along the cell. A gradient of 5 to 7° at 300° was 
used with the top of the cell being hottest. Shunts on the 
furnace taps were used to adjust the temperature at any point 
to +0.5°. A Rubicon potentiometer permitted direct measure­
ment of the sample and gradient temperature to +0.3°. The 
furnace temperature was regulated by a Brown proportioning 
Pig. 2. Pyrex diaphragm gauge for deter­
mination of dissociation pressures 
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controller with its thermocouple in contact with the inside 
wall of the furnace. 
Before bringing the cell into the dry box, it was evacu­
ated with a diffusion pump and baked out approximately 12 
hours at 400°. After being filled, the cell was re-evacuated 
for 5 hrs at room temperature and sealed off. Then pressure 
measurements were made in 5 to 10° intervals with sufficient 
time between measurements for the system to reach equilibrium. 
Checks were made to ensure equilibrium condition by holding 
the sample at a given constant temperature over an extended 
period of time (i.e. 24 to 48 hrs) and periodically measuring 
the pressure. 
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III. EXPERIMENTAL RESULTS 
A. Niobium-Iodine System 
The interest and importance of the investigation of this 
system lies in the determination not only of the conditions 
for stable existence of compounds formed, but also conditions 
for chemical combination that may occur among these compounds. 
In addition to compounds reported earlier (11), a lower iodide 
with an iodine/niobium of 2.67 is formed. A summary of these 
iodides with some of their properties is found in Table 1. 
Table 1. Niobium iodides 
_L 
Nb 
Temperature of 
heat effect Process Color 
5.00 400° melting brassy 
4.00 503° 
417° 
348° 
incongruent melting 
phase transformation 
phase transformation 
dark-grey, 
metallic-
appearing 
3.00 526° disproportionation black 
2.67 (>790°) (melting) black 
As shown in Fig. 4, the tetraiodide occupies an important 
position in the phase diagram for this system. Existence of a 
phase corresponding to an approximate composition of Nbl^ was 
established by observing thermal halts on samples with I/Nb 
ratio near 4.0. Because of limitations in detecting thermal 
halts, more accurate composition determinations of the phase 
Pig. 4. Phase diagram of the niobium-iodine system 
/ 
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I.o COOLING 
V HEATING 
0 FIRST HEATING ONLY 
5 EQUILIBRATION 
r26+LIQUID 
Nbl4(y) + Nbl267 
NbWy)+LIQUID 
NbIor.+Nb 
Nby^)+LIQUID 
NbU?)+Nbr4(/3) Nb^(/3)+NbI26 
Nbl5 + Nbl4(a) Nbl4(a) + Nbl26 
L_1 
5.00 4.8 4.6 4.4 4.2 4.00 3.8 3.6 3.4 3.2 3.00 2.8 2.6 2.4 2 
%b 
2^ 00 
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were afforded by other methods (,e.£. equilibrations below). 
When a cooling curve is run on a Nbl4 sample, the temperature 
at which the disproportion reaction 
Hbl^jf) liquid + $TbI2.67 
takes place is 503° and in addition, a larger, flat halt is 
seen at 410 to 415°. The second halt occurs at the tempera­
ture of the phase transformation: 
Hbl4(y) 7-* Hbl4(/). 
Further cooling to room temperature failed to reveal any new 
temperature effects. Similarly, heating curves showed only 
two halts under usual conditions although prior evidence for 
some change near 340° had been obtained from iodine dissocia­
tion pressure measurements. However, when the sample is equi­
librated at 300° for 12 hours, a small heat arrest can be de­
tected at 348° by differential thermal analysis on heating. 
Rapid cooling and heating rates were avoided because of possi­
ble complete suppression of this solid state transformation; 
nevertheless, even with cooling rates <1°/min. the halt was 
not observed. After cooling the sample below the transforma­
tion temperature, heating curves run immediately to several 
hours later did not show any halt at or near 348°. Only when 
the sample had been equilibrated for a period of 10 or more 
hours did the 348° halt appear on heating. This halt was 
found on samples with iodine/niobium ranging from 2.94 to 
4.70. 
2u 
The rapid temperature transformation between Fbl4(©c) and 
only on heating is not readily understood. Further­
more, careful examination of X-ray powder patterns for samples 
equilibrated above and below 348° failed to reveal any evi­
dence for a phase change. Rapid quenching (either in ice wa­
ter or by taking the sample out of the furnace and letting it 
cool in air) of samples from temperatures above 348° also pro­
duced negative results. Apparently the transformation: 
Hbl4(^) —^ ïtbl4(20 
involves a large heat effect; accordingly is the largest break 
of the three observed. Supercooling is noted on cooling 
curves, but the break is consistently at 417° on heating 
curves. Unlike the /& form of Nbl4, the ^  form gives a powder 
pattern dissimilar to that of the oc form. Although heating 
and cooling curves indicate rapid reversibility of the to X 
transformation, quenching the % form to room temperature in 
air or ice water presents no difficulty. 
In determination of the disproportionation temperature of 
/$Ibl4, heating curves proved to be inadaquate. Apparently, 
the incongruent melting process is sluggish, since the heat 
effect as detected by differential thermal analysis is ob­
served over an extended temperature range (10 to 20°) as a 
very samll continuous change in slope. Possibly experimental 
factors such as temperature gradient and variations in heat 
supply contributed, although care was taken to minimize these 
H'( 
effects. However, cooling curve breaks were sharp and well-
defined. 
Sublimed Ubl4 was prepared by heating the decomposition 
product of a higher iodide (2.6< l/Ub<4.00) above 526° (for 
reasons to be given later), cooling below 503°, and then sub­
liming the Fbl4. The procedure followed in this preparation 
was to place the sample in an evacuated quartz tube provided 
with a thermocouple well, and heat to a temperature < 526° in 
a Marshall furnace. Then the sample was cooled below the 
disprop.ortionation temperature of $Tbl4 and the temperature 
gradient adjusted. (Usually a small gradient of 3 to 10° was 
used with the hotter end of the sample tube being that with 
the bulk salt.) After adjustment of the gradient, the sample 
was heated for 24 to 48 hours at temperatures that ranged 
from 430 to 490°; thus, a sublimate of jf$Tbl4 was obtained at 
the cooler end of the tube as a solid crystalline mass. The 
sublimation can be carried out more rapidly by using a tem­
perature just below the disproportion temperature and a rela­
tively large gradient (e,.g. 20 to 30°). Analysis and powder 
patterns confirmed that the sublimed product is Nbl4.00+0.01• 
Qualitative examination of magnetic properties by the Gouy 
method indicated all three forms are diamagnetic; however, 
the samples were contained in Pyrex tubes and conceivably a 
weak paramagnetism may have been masked. The inhomogeneous 
field had a maximum intensity of approximately 12,000 gauss. 
In light of the «Nbl4 structure (12), the metal-metal bonds 
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must be retained in all forms for them to exhibit diamagnet-
ism. Moreover, powder patterns of mixtures from Nbl^^ to 
Nbl^.y showed no measurable expansion in the distances for 
any form, indicating absence of solid solutions or a range of 
composition. 
The apparent position of Nbl-j in the phase diagram was 
not readily understood. As shown in Pig. 4, the triiodide 
disproportionates at 526° according to the reaction 
Nbl-j ^ ^ Nbl2.67 + 
and cannot be recombined. 
If cooling curves are run on samples with compositions 
approximately Hbl^, no thermal halts other than those corre­
sponding to the tetraiodide are observed and these are ob­
tained with samples of compositions as low as Eblg.yg. Like­
wise, heating curves run on samples after they have been 
heated above 526° reveal no halts other than those of the 
tetraiodide phase. A more extensive investigation by differ­
ential thermal analysis revealed, however, that the first 
heating curves show thermal halts at 511° and 526° if 
iodine/niobium >3*00 and 526° if iodine/niobium <3.00. In 
view of this behavior, a series of careful measurements was 
made on Hbl^.oy. The first heating curve, which followed an 
overnight equilibration at 300°, showed only one break at 
526°. Equilibrations at 515° (overnight), 490° (2 hrs), and 
310° (46 hrs) failed to show any evidence of recombination to 
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the triiodlde as judged by the absence of a thermal effect at 
526° on heating. Cooling curves on this sample revealed only 
halts associated with the tetraiodide phase. 
As a check on identification of the triiodlde phase at 
different temperatures, X-ray patterns were employed. Choos­
ing Mblg.94 as a typical example, patterns were taken of sam­
ples equilibrated at 400, 450, 490 and 514°. Ho evidence was 
found for any phase other than that of the triiodlde as long 
as the temperature was below 526°. However, when the sample 
was annealed above 526°, only the pattern corresponding to 
Nbl2B67 was Obtained. The sample was quenched to room tem­
perature (25°) either in air or ice water. Effort to recom-
bine this sample by equilibration at 510 and 450° for 24 
hours failed as only the Nblg.ôy phase could be detected. 
Consequently it is concluded that Nbl^ disproportionates at 
526° as an irreversible process and accordingly is not an 
equilibrium product, as indicated by the phase diagram. 
Qualitative magnetic measurements indicate the triiodlde to 
be diamagnetic. 
Niobium triiodlde can be prepared other than as the res­
idue of the thermal decomposition of a higher iodide. Sub­
limed Ubl^ was obtained in a manner similar to that described 
for sublimed Hbl4, heating a decomposition product (2.67 < 
1/îTb < 3.00) of a higher iodide in a sealed, evacuated tube 
at 400 to 490° with a temperature gradient of 9 to 14° for 48 
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hours. Both powder pattern and analysis confirm that the 
product is 00+0.05* Also, reaction of Nbl4 with metal 
gives the triiodlde. Finely divided Nbl4 (900 mg) in a 
sealed, evacuated tube with 254 mg of metal was heated at 
4110 for 8 hours. Examination of the bulk salt revealed it 
to be composed of unreacted Nbl4, Hb and, visually,black 
3JbI^. The metal was separated by hand and a few small pieces 
of the black substance were picked out of the bulk salt for 
powder pattern samples. Analysis of the bulk material indi­
cated an I/Ub ratio of 3.43; the powder pattern corresponded 
to that of triiodide. 
Compositions of residues from exhaustive Hbl4 sublima­
tions were determined to have I/Nb ratios of 2.67, 2.67 and 
2.70. This compound was first prepared by heating a sample 
of UbI e^o8 to 765° to decompose the triiodide, quenching in 
air to 25°, and washing the bulk salt with cold water several 
times to dissolve Ubl4 and Hblcj. After washing, the residue 
was transferred to a tube which was evacuated. Then the sam­
ple was dried by heating the salt gradually from room temper­
ature to 200° while continuously pumping through a -80° trap. 
The salt had an I/Ub ratio of 2.6. Apparently nblg.67 
very slightly soluble in or slowly reacts with cold water so 
that total time consumed in washing should not be more than 
10 min. With this precaution, I/Ub ratios of 2.64 and 2.67 
were obtained, -his method provides a quick and easy way for 
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separation of Mblg.^y from its mixtures with Ebl4 and gives a 
product of reasonable purity. High purity ITblg.Gy is Proba­
bly best prepared, however, as the residue from the sublima­
tion of tetraiodide from the mixtures. 
Thermal analysis was utilized to help establish the com— 
position of this lower iodide and to determine if another 
phase existed between Hb^.ôy and metal. Cooling and heating 
curves on samples (2.2 < I/Fb < 2.67) failed to reveal any 
thermal halts. A heating curve on Nblg.g^ showed no halts up 
to 790°. Subsequent equilibration at that temperature and 
cooling gave no thermal arrests. Careful examination of X-
ray powder pattern for Mblg.26 showed only lines belonging to 
the Mblg.Gy phase. Surprisingly, no metal lines were observed 
either on the sample as prepared or after equilibration at 
700°. The results of equilibrations of excess metal with a 
lower iodide (£.£. Hblg,^) indicate the formation of no new 
phase, although the I/Nb ratio of the bulk salt was reduced 
considerably below 2.67. The procedure followed in this anal­
ysis was to sort out unreacted bulk metal by hand and ignite 
the salt to NbgO^. Undetected finely-divided metal accounts 
for the low I/Nb ratio. Efforts to devise a workable method 
of analysis which would allow solution of salt away from ad­
mixed metal failed. One such attempt was to digest the mix­
ture in dil HHO3, followed by treatment with hot conc HC1; 
however, finely-divided metal was also dissolved. X-ray pat­
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terns, however, revealed only the Mblg.&y phase even when the 
powder pattern sample was taken from salt adhering to the me­
tal. 
All the foregoing methods for the characterization of 
the lowest iodide phase approached the composition from mix­
tures of higher iodine content. This iodide was also ob­
tained by sublimation from its mixtures with metal. Three g. 
of metal was placed in a quartz tube with one g. of Fbl2#26» 
the tube sealed under vacuum and heated at 600° for 24 hrs. 
A temperature gradient along the tube was adjusted to 100° 
and the mixture then heated to 750° and equilibrated 48 hrs. 
During this time a product sublimed to the coldest,part of 
the tube and X-ray powder patterns and analysis confirmed 
this to be Nbl2.6y This further confirms that solid Nb^.ôy 
is the phase in equilibrium with metal. Consequently, the 
diiodide does not appear to exist as a solid equilibrium 
phase in contrast to the reported behavior of the bromide and 
chloride (17,36). 
This lowest iodide is stable to air for several days at 
room temperature, being quite similar in inertness to the 
niobium (III) halides (5,11). This black salt is very slight­
ly soluble in or reacts with cold water, slightly soluble in 
or reacts with hot water and hot conc HOI, and decomposes 
slowly in dil HNO35. Qualitative magnetic measurements indi­
cate that the salt is also diamagnetic. 
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The melting point of pure Ebl^ was determined to be 400°. 
In this determination, resublimed iodine, in amount corre­
sponding to the approximate decomposition pressure of Nbl^ at 
400°, was added to suppress the decomposition of pentaiodide 
at the melting point. As shown in Pig. 4, the apparent eu-
tectic occurs at 400° and about Ubl4#82« A careful examina­
tion of differential heating and cooling curves on samples 
with 4.8 < I/Ub < 5.0 failed to reveal any thermal halts oth­
er than that of the supposed eutectic. A sample of Nbl4egQ, 
equilibrated at 380°, gave a halt at 400° on heating and 402° 
on cooling. Identical temperatures were observed on pure 
Hbl^ equilibrated at the same temperature. Heating and cool­
ing rates on these samples were < 2°/mln; faster rates tended 
to give lower temperatures. Powder patterns of mixtures from 
Ubl4^8 to Elblc;, either rapidly quenched or slowly cooled, did 
not exhibit any evidence for compound formation, phase trans­
formation, or solid solution which could have, in part, ex­
plained the absence of a normal liquidus curve. Possibly, 
liquid and solidus heat effects may be too small for detec­
tion. High temperature X-ray techniques and/or other means 
of investigation will be necessary before a conclusive inter­
pretation can be given for this region of the phase diagram. 
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B. Dissociation Pressures 
Initial investigation of the niobium-iodine system 
started with determination of the Nbl^ dissociation pressure. 
An inflection at an unexpected low temperature (^340°) in the 
log P vs 1/T plot prompted, however, an extensive examination 
of the phase relationship among the iodides before further 
work on dissociation pressures was attempted. Although this 
study is not complete, enough data are available on certain 
temperature and composition regions to be informative. 
Dissociation pressures of a mixture with an I/Nb ratio 
of 4.55 were measured over a temperature range from 270 to 
350° and for ratios of 4.12, 4.85, and 4.87, from 270 to 400°. 
In the vicinity of 340° a change in slope in the log P vs l/l 
plot was observed on all samples; because the nature of this 
break was not understood at the time that measurements on 
Nbl4e55 were taken, the pressure-temperature relationship of 
this ratio was not followed above 350°. Measurements on all 
samples extended over some weeks and only a few equilibrium 
determinations were possible during a single day. Moreover, 
observations were so arranged that some pressures that were 
approached from above alternated on the curve with those ap­
proached from below whenever practicable. Dissociation pres­
sures, in mm of Eg reduced to 25°, are given in Table 2 (see 
Appendix). 
The same partial pressures of iodine were found over 
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ÎJbl4.12 and ÎTbl4.55 a-b any given temperature in the range 270 
to 340°. As shown in Fig. 5, log P vs 1/T plots for these 
mixtures superimpose on each other with small deviation. At­
tainment of equilibrium in this temperature region was rapid 
either with increasing or decreasing temperature. Above 
340°, however, equilibrium was more difficult to obtain. 
Constancy of pressure at any particular temperature above 
360° could be obtained fairly rapid with increasing tempera­
ture, but steady pressures were extremely difficult to attain 
with decreasing temperature. This was evidenced by a gradual 
decrease of pressure with time at constant temperature. Sim­
ilarly, the absence of equilibrium was observed between 340 
and 360° both on heating and cooling. This effect and that 
of slowly approaching equilibrium on falling temperature is 
shown in Fig. 6. 
The vapor pressures obtained for the mixtures îfbl4e 12 
and ÎTbl4#55 in the temperature range of 270 to 340° were fit 
to the equation log Pmrn = — X + 8.071 by least 
squares. Similarly, pressures for Ubl4e12 in the temperature 
range 350 to 400° were fit to the equation log Pmm = 
— .10.3. + 5.911. Powder patterns for these samples, 
quenched from both above and below 340° in ice water, re­
vealed only lines of the Ubl4 and Nbl^ phases without any 
detectable shift in distances. From the phase diagram study, 
Part A, it may be concluded that the inflection in the log P 
Pig. 5. Dissociation pressure data for and 
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vs 1/T plot is associated with the ot to# transformation of 
Although the equations which represent the decomposi­
tion pressure for the mixtures do not take in account possi­
ble Ubl4 and Nbl^ sublimation pressures and must be consid­
ered tentative, they are adequate for the present discussion. 
Although a change in slope is observed in the log P vs 
1/T graphs at approximately the same temperature as that for 
the preceding compositions, pressure measurements, as shown 
in Fig. 7, clearly indicate a different process is governing 
the equilibrium pressures for mixtures of îTbl^gcj and Nbl4#87. 
The pressure-temperature relationships below 340° differ from 
those of Ubl4#i2 and $^14.55. Superposition of log P vs 1/T 
plots is not possible for Ubl4#85 and Hbl4#87 either below or 
above 340°; for the mixture Ubl4#85 exhibits the higher pres­
sure at any given temperature. Possibly, size of the sample 
was a factor since the quantity of Ubl4#85 used was roughly 
twice that of Nb%4.87. 
Dissociation pressures for Mbl4^gy and Ubl4#85 ^ -n the 
temperature range of 270 to 340° were fit to the equation 
log Pm = - 3«652tX 1°3 + 7.823 and log PM = - 2'879TX 1°3 + 
6.636 respectively by least squares. Similarly, pressures 
for Nbl4e87 in the temperature range of 340 to 400° were fit 
to the equation log P^ = - ^3 + 12.52. 
X-ray powder patterns for Ubl4#85 quenched from 255 and 
378° failed to reveal any evidence for a new phase, transfer-
Fig. 7. Dissociation pressure data for Nbl^g^ and Mbl^.gy 
42 
O — 4.87 
7 — 485 3.00 
2.60 
2.20 
1.80 
1.40 
1.00 
ISO 1.80 1.45 1.50 1.70 1.60 
T 
43 
mation or solid solution. These possibilities cannot be dis­
regarded, however, since quenching to room temperature may de­
stroy the phase stable at high temperature or may readily 
separate solid solutions. 
Before a conclusive interpretation can be given to the 
preliminary decomposition pressure results on this system, 
supplementary data will be nee.ded. Determination of Hbl^ 
sublimation pressure will be helpful so that the contribution 
to the total pressure can be taken in account. Furthermore, 
high temperature X-ray techniques may prove valuable, for 
definition of dissociation pressure depends not only on the 
substance undergoing dissociation, but also on the solid 
product formed. 
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IV. GENERAI DISCUSSION 
A. Discussion of the Niobium-Iodine System 
In contrast to the reported behavior with niobium bro­
mide and chloride, niobium diiodide apparently does not exist 
as a solid equilibrium phase. The lowest iodide is the here­
tofore unknown Nblg.67 which can be sublimed from a mixture 
of the salt and excess metal. From lattice energy considera­
tions, the reluctance of Nblg^gy to disproportionate to a 
lower iodide may be partially rationalized in terms of the 
following process : 
2 NbXg(s) + NbX4(s)(l)(g) ^  3 NbX2#6?(s) (where X = 01,Br,I) 
or, by reduction 
4 NbX2(s) ——*• Nb(st + 3 NbX2#6?(s). 
As evidenced in the latter equation, the difference of the 
iodide from the other halides seemingly must be due to an ab­
normally low lattice energy of Nbl2 or high lattice energy of 
Nbl2,67 In that these are the only variables. Additional 
stabilization from probable multiple metal-metal interactions 
in Nbl2e6y may account for the unobserved formation of the 
diiodide. One point in favor of this view is the observed 
diamagnetism and the known metal-metal bonding in NbI^. 
As a consequence of this research, the reported prepara­
tion of NbI2 by Chaigneau (9) seems dubious since the only 
reported positive evidence is that of analysis without any 
physical means of confirmation. It should be noted, however, 
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that in the course of this research almost any i/Fb ratio 
could be obtained consistently by thermal decomposition of 
higher iodides through appropriate adjustment of temperature 
and time for the decomposition process. Similarly, the al­
leged preparation of a pure phase Ebl^.g a-fc 585 to 600° by 
Chizhikov and G-run'ko ( 10) should seemingly be viewed with 
caution. They suggested that a range of solid solutions was 
evidenced by X-ray diagrams of samples near Nbl^.g in compo­
sition, but examination of their reported d-spacings reveals 
distances attributable to principally Nbl2.67 Plus apparent­
ly Hbl^, 3f$ibl4 and other unidentified phases. This indicates 
that the reported Ebl^.g is not a compound but rather a 
mixture of lower iodides and possible unknown contamination. 
Unlike the niobium trichloride with composition varia­
ble over a wide range (32,36), the triiodide is a simple 
stoichiometric compound which can be sublimed at moderately 
low temperatures (i.e.. 4OO°). Apparently, Fbl^ dispropor-
tionates irreversibly at 526° since equilibration over a 
prolonged period fails to recombine the reaction products. 
Whether this is due to a kinetic effect or to its metasta-
bility with respect to NbI^ and Nb^.ôy is not known, but 
the high stability of Nbl2.67 may be significant in this 
respect. Interestingly, the implied stability of Nb(III) 
in a stoichiometric triiodide is in contradistinction to 
the interpretation of Nb01j+X in terms of Nb(ll) and 
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Nb(IV)* and to the non-existence of niobium(III) oxide. 
Whether or not this is due to metal-metal bonds which could 
stabilize the Nb(IIl) state is not known, but seems worthy of 
further investigation. 
Simultaneous solution of the two equations describing 
different portions of the equilibrium curve of log P vs 1/T 
for both mixtures NbI^ ^  and lîbl^gy gives temperatures of 
329 and 340° respectively for the apparent transition temper­
ature. Because of the large hysteresis observed for Nbl4#l2» 
however, the reliability of the former temperature so obtained 
should be viewed with caution, since the state of the system 
may not be uniquely defined by a temperature and a pressure 
(i..e.. may not be at equilibrium). Possibly the higher temper­
ature (348°) observed on heating curves is due to superheating 
effects associated with a sluggish transformation. Conse­
quently, the actual equilibrium transformation temperature may 
not be any of those cited, but perhaps somewhere between 329 
and 348°. 
The dissociation pressures found for îîbl^g^ are higher 
than those for Nbl4e ^ 2 both above and below the inflection in 
log P vs 1/T plots (Pig. 5,7) and no obvious explanation of 
the discrepancy is known. Nevertheless, certain implications 
H. Schafer, University of Munster, Germany. On the 
structure of niobium trichloride. Private communication. 
1957. 
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can be drawn from, the behavior exhibited by these mixtures. 
First, the inflection in the log P vs l/T plots occurs at ca. 
340° and is probably associated with the o c  —transforma­
tion of Ubl4. Since phase transitions involve a positive 
heat effect (2,7)» the decrease in heat content for the 
higher temperature data for Nbl4e -j2 (y6 kcal/mole of iodine) 
implies an exothermic process in the products occurs at the 
inflection point. This obviously is not associated with the 
Nbl4 phase; therefore, it apparently must be due to an endo-
thermic process in the Hbl^ phase that is large in comparison 
to the opposite heat effect of the transformation in Ubl4 
since the slope of the log P vs l/T plot decreases above ca. 
340°. 
In contrast to the behavior of Hbl4 the mixture 
lNbl4egc; shows a more reasonable change; that is, a higher heat 
of reaction above the supposed transition temperature (a/ 13 
kcal/mole of iodine). As a consequence of this behavior ei­
ther the heat content of Mbl4 is greater above ca. 340° or the 
heat content of îfbl^ is less above the transition temperature. 
Since energy is supplied to a system for a transformation 
from one structure to the other to take place the first expla­
nation would seem adequate. However, the transformation was 
not thermally observed in this region, suggesting that Ubl4 
may not be present as a discrete phase but rather in solid 
solution. 
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B. Polymorphic Behavior of Niobium(IV) Iodide 
In general the interpretation of physical changes on 
minimal evidence is seldom unambiguous and the following dis­
cussion may be thus categorized. Nevertheless, comment on 
the polymorphism of niobium tetraiodide seems informative. 
Polymorphic substances are usually divided into two 
groups according to whether or not the different forms are 
reversibly interchangeable (39). Those substances which have 
one or more reversible transitions below the melting point of 
either form are called enantistropic and niobium tetraiodide 
may be classified as such. Perhaps the more interesting of 
the two transformations among different forms of Ebl^ is that 
between the er and/$ Nbl^ at ca. 340°. 
Experimentally, this transition is observed only on 
heating curves and equilibrations below the transformation 
temperature (e,.&. 300°) of 10 hours or longer are required to 
reconvert $ Ebl^ to <*• Ubl4. Surprisingly, even though the 
reverse conversion of $ Kb 14 to pi Ubl4 is sluggish, no evi­
dence for the phase transformation was evident on an exten­
sive examination of powder patterns of samples that had been 
annealed above and below the transition temperature. In or­
der to understand this behavior it may be necessary to take 
account of the structures at the beginning and the end of 
this transformation. 
Preliminary results of the structural determination of 
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Ot Nbl4 by Dahl and Wampler (12) indicate metal-metal interac­
tion which will readily explain the observed diamagnetism. 
The structure consists of infinite chains parallel to the a 
axis formed by Hblg octahedra sharing two opposite edges. 
The niobium atoms are displaced from the centers of the octa-
o 
hedra, 3.83 A apart, toward each other in pairs such that the 
distance between the paired niobium atoms is 3.2 1. 
On the basis of the known structure of ee Ubl^., it might 
be possible to account for some of the characteristics of the 
transition at ça. 340° by an order-disorder transformation (18, 
39). In the low temperature (cc) modification of l\Tbl4, the 
iodine atoms form a hexagonal close-packed lattice and the 
niobium atoms occupy one fourth of the octahedral holes in a 
regular manner with the requirement that the niobium atoms be 
grouped in pairs. Above ça. 340° Wbl4 could exist as the /S 
form with the positions of the iodine atoms still in a hexa­
gonal close-packed lattice, but with the niobium pairs now 
disordered with respect to separate chains. Some of the nio­
bium atoms might have undergone slight displacements which 
result in irregular breaking and subsequent reforming of the 
metal-metal bond. 
From the preceding description of theform, essential­
ly no change in the powder pattern from that of the ft form 
might be expected since statistically the number of atoms in 
the reflecting planes has not changed. Probably entropy con­
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siderations are of major importance in this transformation, 
overshad owing that of internal energy since a large activa­
tion entropy might account for the sluggishness from disorder 
to order. 
Powder patterns and the transition energy (larger than 
by roughly a factor of 10) between Itbl4 and / Nbl^ 
indicate an entirely different process is governing this 
transformation. Reversibility between these two forms is 
rapid and well-defined on both heating and cooling curves, 
0. Proposals for Future Research 
From the structural point of view, the lower niobium 
iodides should prove interesting to investigate by single 
crystal X-ray studies. Since the nonexistence of a stoichio­
metric niobium(III) chloride and niobium(IIl) oxide indicate 
that the trivalent state is not uniquely stable in the solid 
state, determination of the structure of Nblj might provide 
information needed to account for the observed stability and 
diamagnetism of this salt. 
Generally, X-ray powder patterns are adequate to differ­
entiate between polymorphic forms, but they fail to distin­
guish between oc and $ Nbl4. That polymorphism is a phenome­
non closely related to the stereochemistry of compounds is 
obvious. For this reason electrical resistivity measurements 
could be particularly effective for distinguishing between 
the two forms in that the method is sensitive to the kind and 
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amount of phase present. Moreover, attainment of equilibrium 
at-the temperature of measurement is easily recognized from 
the data obtained,in contrast to that observed with dissocia­
tion pressure measurements,so that an accurate transition 
temperature would be obtained. 
Because the gaseous product above a mixture of liblg. 67 
and metal probably is the active apecies involved in the pro­
duction of metal by the Van Arkel-de Boer iodide decomposi­
tion process, further work on characterization and identifi­
cation of the gaseous components in equilibrium with solid 
niobium iodides seems warranted. 
-Dissociation pressure studies on the Fbl^ - Nblj and 
Nbl4 - NbI2e6Y systems should provide information needed to 
give a more complete thermodynamic interpretation to the 
phase diagram and to the general characterization of these 
niobium iodides. These studies should also be effective in 
determining the solid disproportionation products of Nbl^. 
These determinations could be carried out in substantially 
the same manner as that described for the dissociation pres­
sure of the pentaiodide-tetraiodide mixtures. At the present, 
little is known about the vapor pressure for any of the io­
dides and these are obviously relevant as a part of a study 
of the chemical and physical properties of these niobium io­
dides and to the interpretation of data of total (dissociation 
plus possible volatilization) pressure. As mentioned pre­
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viously, more characterization of the solid phase for l/lb 
ratios > 4.7 is needed. High temperature X-ray techniques 
should be useful irr this respect. 
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V. SUMMARY 
Lower oxidation states in the solid niobium iodides have 
been prepared and characterized. Thermal and differential 
thermal analysis, equilibrations and X-ray powder diffrac­
tion data were utilized for the construction of the phase 
diagram for the niobium-iodine system. The heretofore un­
known 3^12.67 has "been prepared and preliminary dissociation 
pressures for the Ebl^ - Hbl^ system have been recorded. A 
summary of the iodides with some of their properties is found 
in Table 1. 
Table 1. Niobium iodides 
I 
Nb 
Temperature of 
heat effect Process Color 
5.00 400° melting brassy 
4.00 503° 
417° 
348° 
incongruent melting 
phase transformation 
phase transformation 
dark-grey, 
metallic-
appearing 
3.00 526° disproportionation black 
2.67 >790°) (melting.). black 
Three polymorphic forms of niobium tetraiodide were 
found. Powder patterns show distinct / andCC temperature 
forms ; however, they do not distinguish between the and Ct 
temperature forms. Iodine dissociation pressures indicate 
that this transformation is sluggish. 
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In contrast to niobium trichloride, which has a wide 
range of variable composition, the triiodide is a simple 
stoichiometric compound which can be sublimed. Unlike the 
niobium chloride and bromide, niobium diiodide apparently 
does not exist as a solid equilibrium phase and the solid 
iodide in equilibrium with the metal is Fblg.gy. Qualita­
tive magnetic measurements indicate that all the niobium 
iodides are diamagnetic. This diamagnetism of the lower 
iodides may be attributable to metal-metal bonding which is 
known to exist in the low temperature form of the tetra­
iodide. 
The decomposition pressure results for the Ebl^ - Ubl^ 
are also discussed and some tentative interpretation of the 
behavior given. X-ray powder pattern data for all the 
iodides of niobium are reported. 
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Table 2. Dissociation pressures of niobium iodide mixtures, 
in order taken 
I Dissociation Dissociation 
Nb Temperature pressure(mm) Temperature pressure(mm) 
4.12 
4.55 
4.85 
4.87 
277.0° 
306.0 
285.5 
295.0 
317.4 
364.5 
376.8 
386.2 
299.0 
304.5 
318.0 
338.3 
320.0 
280.1 
289.6 
299.0 
298.5 
308.4 
318.3 
314.3 
286.1 
292.9 
304.5 
315.3 
326.9 
334.6 
320.8 
311.3 
299.8 
330.5 
13.3 
27.7 
15.9 
21.2 
36.9 
85.0 
102.0 
116.8 
23.3, 
26.6 
37.3 
64.0 
41.0 
27.4 
33.0 
40.1 
40.0 
47.7 
58.2 
54.1 
20.0 
24.0 
30.6 
41.6 
54.6 
65.2 
47.6 
37.7 
27.9 
60.6 
390.8° 
319.9 
367.6 
375.8 
387.4 
278.0 
389.4 
289.1 
312.8 
347.3 
325.8 
297.4 
323.6 
334.1 
328.6 
343.3 
347.6 
358.1 
339.3 
348.6 
359.6 
367.5 
377.4 
j>84.4 
400.00 
398.0 
397.0 
383.0 
121.8 
38.3 
89.1 
101.2 
118.1 
14.1 
117.3 
17.5 
32.0 
80.0 
43.6 
22.3 
64.4 
80.0 
71.2 
98.3 
114.9 
170.3 
75.8 
104.2 
150.3 
204.7 
298.2 
402.9 
634.8 
602.1 
575.4 
384.9 
Table 3. X-ray powder diffraction data for niobium iodides 
Nbl5 Nbl^ (&,/$) Hbl4 (2f) Ubl3 Nbl2.67 
d(obs) Intensity d(obs) Intensity d(obs) Intensity d(obs) Intensity d(obs) Intensity 
3.24 1 100 3.44 A 50 
0 
3.51 A 15 
0 
3.37 A 60 
0 
3.43 A 100 
3.07 70 3.26 60 3.23 10 3.30 10 3.22 10 
3.04 60 3.05 100 3.18 20 2.95 100 3.12 20 
2.40 20 2.97 60 3.07 100 2.37 60 3.04 40 
2.39 30 2.38 70 2.36 60 1.912 50 2.86 100 
2.34 30 2.35 40 2.03 70 1.867 30 2.57 30 
2.01 50 1.981 80 1.81 60 1.700 20 2.47 20 
1.862 40 1.858 50 1.714 50 1.665 50 2.41 10 
1.85 40 1.838 60 1.693 50 1.609 30 2.29 40 
1.826 50 1.703 50 1.594 10 1.489 . 10 2.24 15 
1.725 10 1.681 70 1.542 30 1.339 10 2.20 10 
1.709 10 1.647 15 1.355 30 1.277 10 1.959 80 
1.695 20 1.629 15 1.304 60 1.233 30 1.895 40 
1.675 10 1.583 10 1.285 10 1.816 40 
1.625 80 1.536 20 1.255 50 > 1.756 10 
1.364 20 1.497 20 1.229 40 1.731 80 
1.346 10 1.363 30 1.20 30 1.663 50 
1.289 20 1.336 10 1.174 20 1.639 30 
1.277 20 1.307 10 1.609 30 
1.265 20 1.283 20 1.581 50 
1.254 20 1.266 40 1.363 20 
1.266 20 1.217 30 1.346 10 
1.215 20 1.315 
1.277 
1.243 
1.229 
1.216 
20 
40 
40 
20 
10 
